Purple non-sulfur bacteria (PNSB) show potential for microbial protein production on 19 wastewater as animal feed. They offer good selectivity (i.e. uneven community with high 20 abundance of one species) when grown anaerobically in the light. However, the cost of a closed 21 anaerobic photobioreactor (PBR) is prohibitive for protein production. While open raceway 22 121 122
reactors are cheaper, their feasibility to selectively grow PNSB is thus far unexplored. This 23 study developed tools to boost PNSB abundance in the biomass of a raceway reactor fed with 24 volatile fatty acids as carbon source. For oxygen availability as tool, not stirring in the night 25 (i.e. reduced oxygen supply) elevated the PNSB abundance from 8% to 20%. For light 26 availability as tool, a 24-h illumination increased the PNSB abundance from 8% to 31% 27 compared to a 12-h light/12-h dark regime. A reactor run at 2-d sludge retention time at the 28 highest surface-to-volume ratio (10 m 2 m -3 increased light availability) showed productivities 29 up to 0.2 g protein L -1 d -1 and the highest PNSB abundance (78%). The estimated production 30 cost is €1.9 kg -1 dry weight (vs. PBR €11.4 kg -1 dry weight). This study pioneered in PNSB- 31 based microbial protein production in raceways, yielding cost efficiency along with high 32 selectivity when avoiding the combined availability of oxygen, COD and darkness. 33 34 1 Introduction 35 Globally, only 4% of nitrogen and 17% of phosphorus fertilizers applied to the land, are 36 eventually consumed. 1, 2 These inefficiencies in the fertilizer-food chain severely distort the 37 carrying capacity of the Earth, surpassing the planetary boundaries (i.e. safe operating space 38 for sustainability) beyond the zone of uncertainty. 3 Mitigation can be brought about by 39 upgrading wastewater resources to microbial protein or single-cell protein, which is the use of 40 microorganisms as animal feed ingredient. 4, 5 Resource recovery from food and beverage 41 wastewater is preferred. Brewery wastewater is a key target as it offers a relatively high 42 chemical oxygen demand (COD) concentration (800-9000 mg COD L -1 ) and easiness to 43 prevent fecal contamination. 6 44 Upgrading wastewater resources to microbial protein requires either chemo-or 45 photoheterotrophic microorganisms to convert the organic carbon as well as non-axenic 46 production conditions, as it is cost-wise redundant to sterilize vast amounts of water. 4 47 Chemoheterotrophs, also known as aerobic heterotrophic bacteria (AHB; i.e. aerobic activated 48 sludge), make use of oxidation reactions for energy generation. These bacteria typically have 49 low biomass yields (0.6 g CODbiomass g -1 CODremoved) and high growth rates (2-6 d -1 ). 7 To date, 50 AHB are pioneering in research, pilot, and full-scale implementations. 8, 9 However, it is 51 challenging to produce an AHB product characterized by an uneven microbial community with 52 a high abundance of one dominant species (i.e. microbial selective production). 8 53 Photoheterotrophic cultivation of PNSB may offer such potential, because of their unique 54 ability to grow highly selectively under anaerobic conditions in the light. 10-12 PNSB are 55 characterized by high biomass yields (0.9-1.1 g CODbiomass g -1 CODremoved) and have growth 56 rates between 0.6-3.7 d -1 . [13] [14] [15] However, compared to AHB, there is a lack of full-scale PNSB 57 4 facilities for microbial protein production, probably due to costs (expensive photobioreactor; 58 PBR). 59 To achieve selectivity with PNSB (i.e. uneven microbial community and high abundance 60 of one species), current research has focused on closed PBR such as anaerobic membrane 61 bioreactors, 16 anaerobic tubular PBR 13,17 and illuminated anaerobic sequencing batch 62 reactors 18 . These closed PBR only allow the growth of phototrophs and anaerobic chemotrophs. 63 In the case of our previous study on synthetic wastewater, PNSB were able to be selectively 64 produced with an abundance of Rhodobacter capsulatus between 93-97% and a low diversity 65 index (exponent Shannon index) between 1.2-1.5 corresponding to an uneven microbial 66 community. 19 A current cost estimation for PNSB-based protein production on wastewater in 67 a closed PBR amounts to €22 kg -1 protein, 13 which is roughly 11 times higher compared to the 68 price of fishmeal of €2 kg -1 protein. 20 . 69 An economically more interesting case can be made if PNSB were produced in open 70 raceway reactors conventionally used for microalgal processes. 21 These raceway reactors are 71 open systems with a reactor depth around 20 cm (vs. 6 cm diameter tubular PBR), a surface-72 to-volume ratio of 5 m 2 m -3 (vs. 22 m 2 m -3 tubular PBR) and are agitated through a paddlewheel 73 (vs. circulation pumps tubular PBR). 21 Investment costs of a raceway reactor approximate €56 74 m -3 compared to €5,000 m -3 for a closed PBR. 22,23 However, achieving selective PNSB 75 production is more challenging in these reactors, as air continuously enters the system, which 76 enables the proliferation of competing aerobic heterotrophs (i.e. non-PNSB). Moreover, the 77 oxygen concentration in a raceway reactor is zero due to its direct use as electron acceptor, 78 making the growth of anaerobic chemotrophs also possible (e.g. acidogenic microorganisms 79 and sulfate-reducing bacteria; SRB). Currently, there is no published research available on 80 PNSB production with raceway reactors, except for a trial focusing on polyhydroxyalkanoate 81 production. 24 However, it can be anticipated that the following control tools are essential to 82 5 maximize PNSB selectivity: (i) limiting the oxygen supply may decrease the growth of aerobic 83 chemotrophs, (ii) increasing the light availability or the illumination period may aide PNSB in 84 their competition for COD with aerobic chemotrophs and anaerobic chemotrophs such as 85 acidogenic microorganisms and SRB, (iii) short sludge retention times (SRT) may washout 86 slower-growing microorganisms such as microalgae, and (iv) limiting the COD-loading rate 87 may decrease the competition with (an)aerobic chemotrophs during the dark period. 88 The hypothesis of this study was that PNSB can be selectively produced in a raceway 89 reactor provided a good combination of control tools. Batch experiments were first performed 90 to assess the phototrophic and (an)aerobic chemotrophic conversions of PNSB (axenic) and the 91 (an)aerobic chemotrophic conversions of non-PNSB (non-axenic) to understand how they 92 individually would contribute in a raceway reactor. Afterwards, the effect of oxygen supply, 93 light availability, SRT and COD-loading rate was studied on PNSB abundance and community 94 diversity (non-axenic). A raceway reactor was then operated at a SRT of 2 d to understand 95 whether PNSB can be selectively produced over sequential batches and explore the best 96 operational strategy for protein production and COD removal. All experiments were performed 97 using a synthetic medium composed of volatile fatty acids (VFA). The findings of the raceway 98 reactor were finally economically evaluated based on a production cost estimation, and 99 benchmarked with the production of a PNSB biomass in a closed PBR. based on a prior evaluation made between five PNSB cultures, where it showed to have the 105 highest photoheterotrophic growth rate on synthetic wastewater. This species is able to grow 106 6 photo-and chemoheterotrophically, 10 which enables examination of different PNSB growth 107 kinetics in raceway reactors. Aerobic activated sludge of a local brewery company (AB InBev, 108 Belgium, Leuven) was used as a proxy for a non-PNSB inoculum. 109 An adapted VFA-based medium as a proxy for fermented wastewater was used for all 110 experiments, as we argued in a previous study that fermentation prior to protein production will 111 favor the microbial selectivity. 4,13 The COD concentration was increased to 3 g L -1 and 112 contained a defined mixture of acetate, propionate and butyrate on a 1/1/1 COD basis. PNSB 113 grown photoheterotrophically on this VFA mixture have a biomass yield that approximate 1 g 114 CODbiomass g -1 CODremoved. 13, 16 This makes it easy to assess the chemoheterotrophic growth of (Table 1) .
7 Table 1 Objectives and experimental setup of five tests to grow a protein-rich PNSB biomass on brewery wastewater. Rhodobacter capsulatus was used as purple non-sulfur bacterium (PNSB) 123 inoculum and aerobic brewery sludge as non-PNSB inoculum. Experiments were performed at 28°C. Surface-to-volume (S/V) ratios were calculated based on the illuminated surface area. The as inoculum at a total suspended solids (TSS) concertation of 0.02 g L -1 . 154 Four different conditions were tested in batch: finding. This reveals that PNSB have the potential to use both their photo-and chemotrophic 257 metabolism at once.
258
The DO concentration in a raceway reactor is zero due to the direct consumption of 259 oxygen, allowing anaerobic fermentation of COD. The anaerobic chemotrophic growth of 260 PNSB was, therefore, tested with an organic more complex medium (vs. VFA-based medium 261 see Supporting Information S1). PNSB were able to anaerobically ferment organics (Figure 1) , 262 yet growth rates and biomass yields were relatively low (0.3 ± 0.08 d -1 ; 0.16 ± 0.09 g CODbiomass CODremoved) and Rhodospirillum rubrum (≈ 0.13 d -1 ; 0.11 g CODbiomass g -1 CODremoved). The 266 non-PNSB inoculum showed growth rates of 0.58 ± 0.03 d -1 or 2 times higher compared to 267 PNSB. Therefore, anaerobic fermentation will mainly be performed by competing non-PNSB. 268 Stronger competition during the light and dark period might arise from aerobic chemotrophic 269 non-PNSB since their growth rate was 2.8 times higher than for the aerobic chemotrophic The four tested conditions in Figure 2 showed an increase of the bacteriochlorophyll and 283 carotenoid peaks during the batch growth experiments. Microbial community analysis 284 confirmed these findings with PNSB abundances between 8-31% (Supporting Information S7). 285 Hence, this research pioneers in demonstrating PNSB production in a raceway reactor without abundances did not show substantial differences between SRT (Figure 3 ). This is in line with 311 our previous observation where we tested the effect of SRT on PNSB abundance in a closed 312 PBR. 13 Notably (Figure 3) , the PNSB abundance at 6 g COD L -1 for all SRT (50-67%) was 313 lower compared to 3 g COD L -1 (88-94%). The exponent of the Shannon diversity index was 314 also lower at 3 g COD L -1 (1.4-1.7) compared to 6 g COD L -1 (2.7-3.0), which indicates a more 315 uneven community at lower loading rates. The abundance of the (an)aerobic 316 chemoheterotrophs Arcobacter was predominantly higher at higher loading rates (17-36%). 317 Overall, it can be concluded that a higher loading decreased the PNSB selectivity. This 318 decreased PNSB selectivity was probably due to the higher COD availability especially during 319 the night period, leading to increased growth of competing chemotrophs. As such, COD 320 availability during the night will negatively influence the PNSB abundance. 3.4 Reactor performance and community dynamics over sequential batches 326 This experiment was conducted to demonstrate that PNSB can be maintained in a raceway 327 reactor over multiple generations and determine the best operational strategy in terms of 328 productivity and COD removal. 329 The highest productivities (0.21 g protein L -1 d -1 corresponding with 0.43 g TSS L -1 d -1 ) 330 and removal rates (0.79 g COD L -1 d -1 ) were achieved when the reactor was operated with 24-331 h stirring and 12-h light/12-h dark at the highest surface-to-volume ratio of 10 m 2 m -3 ( Figure   332 4). A higher ratio of 10 m 2 m -3 increased the light availability, resulting in higher biomass 333 concentrations (0.81 ± 0.04 g TSS L -1 ) relative to the benchmark of 5 m 2 m -3 (0.62 ± 0.02 g 334 TSS L -1 ). For a closed PBR operated on the same medium at a SRT of 1 d (vs. 2 d for raceway 335 reactor), we reached TSS productivities that were 1.5-2.6 times higher compared to the raceway 336 reactor. 13 This was probably due to the higher light availability in the PBR compared to a 337 raceway reactor (surface-to-volume ratio 33 vs. 5-10 m 2 m -3 ). For the microalga Chlorella 338 vulgaris cultivated in the same reactor (12-h light/12-h dark), the productivity was 0.009 g 339 protein L -1 d -1 or 22 times lower compared to PNSB. 6 This was probably due to the higher 340 growth rates of PNSB of 0.6-3.7 d -1 compared to the ones of microalgae of 0.60-1.38 d -1 . 13, 33, 34 
341
To a lesser extent, non-PNSB chemotrophs also contributed to biomass production in the 342 raceway reactor, thereby increasing the overall biomass productivity. 343 In terms of PNSB selectivity ( Figure 5 ), preventing the combination of oxygen supply 344 and darkness (not stirring) was an effective strategy in line with the results of section 3.2. The 345 PNSB abundance was 56% (vs. 14% benchmark 24-h stirring) and the microbial community 346 was more uneven showing a lower exponent of the Shannon diversity index (3.7 vs. 4.3 for 347 benchmark). The decrease in PNSB abundance to 41% was notable during the dark period 348
